ABSTRACT
INTRODUCTION
Hybridization to sequences immobilized on a solid support is commonly employed to detect sequences related to the hybridization probe while excluding more distantly related nucleic acids. Hybridization experiments performed some decades ago generated the following relation between the concentration of monovalent cation and the T m of long (1 kb or greater) DNA:
T m = 16.6logM + 0.41(%G+C) + 81.5 (10) , where M is the monovalent cation concentration (molarity) and % G+C is the percent G+C content. For shorter hybrids (<1 kb), the expression ∆ T m = -820/l has been employed (12) , where l is the hybrid length in nucleotides and ∆ T m the estimated change in T m (°C). Somewhat lower values have been advocated elsewhere, including 500/l (5). The change in T m due to reduced interstrand homology may be represented by ∆ T m = -(100-h)t, where t is the change in T m /% nonhomology and h is the % homology between the two sequences. Various values have been ascribed to t, varying from 0.04 to 4.8; a midway value of around 1.2°C/% nonhomology has been proposed (7) .
With the introduction of new methods of immobilizing (e.g., nylon membranes), labeling (e.g., PCR and in vitro transcription), and hybridizing nucleic acids (e.g., buffers containing high concentrations of SDS) (6,13), we wished to validate established hybridization parameters. The effects of SDS were not predictable because increasing Na + concentrations might be expected to increase the stability of the hybrid; a large and potentially chaotropic dodecylsulfate anion could destabilize hybrids, particularly at high concentrations [7% (w/v) in Reference 6] . We standardized a protocol to simulate a common hybridization experiment and investigated, in this model, the effect of various parameters on the extent of hybridization and the intensity of background nonspecific hybridization.
MATERIALS AND METHODS

Nucleic Acids
Probes and targets were based on approximately 169-nucleotide segments of the mouse Wnt10A, Wnt10B, and Wnt8BB cDNAs [GenBank ® accession nos. U61969 and U61970 (14) ] = 208 mM; without allowance for partial dissociation. After prehybridization at 68°C for 30 min, the probe was added and incubated overnight. Washing employed hybridization buffer (short washes at room temperature, followed by sequential 5-min periods at the designated temperatures as specified). Filter segments were dried before liquid scintillation counting.
RESULTS
We explored the effects of NaCl and SDS on T m and extent of hybridization. This was performed, using 164-nucleotide probes and (plasmid-borne) targets based on the mouse Wnt10A and 10B genes, both for DNA/DNA and RNA/DNA hybrids, and for perfect (100% identity) and imperfect (69% identity) hybrids. Target DNA was immobilized on nylon membranes and hybridized with radiolabeled RNA or DNA probes (prepared by PCR or in vitro transcription) under different salt, temperature, and wash conditions. Standardized hybridization was based on the Church and Gilbert (6) protocol; experiments were performed in the presence of BSA, EDTA, a low concentration of NaPO 4 (25 mM; a competitor for contaminant radiolabeled inorganic phosphate), and different concentrations of either NaCl or SDS. After washing, the extent of hybridization was determined by direct scintillation counting.
Effect of SDS and NaCl on Melting Temperature: Measured T m Values Are Less than Predicted
To determine the effect of SDS on hybrid stability, hybridization was first performed overnight at 68°C. The effective melting temperature (T m *) was then determined by following hybrid dissociation during serial washing at increasing temperatures. Duplicates were washed (hybridization buffer) at 5°C temperature intervals (each wash, 5 min) over the range 50°C-90°C. Bound radioactivity was determined after each wash. A typical dissociation curve is plotted in Figure 1 . The T m * values in each case were calculated graphically from the 50% dissociation point (Table   1 ). For the limitations of this technique, see the Discussion section. Both NaCl and SDS stabilized the hybrids; the change of T m * with an increase in NaCl was as predicted by the Schildkraut-Lifson (10) relation; however, the measured T m * values were lower than calculated (15°C-17°C).
Equivalence of SDS and NaCl
Graphically plotted NaCl equivalents were as follows: buffer containing 0.6% SDS was equivalent, with respect to effects on T m *, to 16.4 mM NaCl; 6% SDS was equivalent to 63 mM NaCl. After subtracting the buffer background, this calculated at 7.3 mM NaCl/% SDS (0.6% conditions) and 8.5 mM/% SDS (6% conditions). For further work, a round figure of 1% SDS = 8 mM NaCl was adopted; this was substantially less than the calculated figure if SDS was fully ionized (35 mM). Table 2A , the T m * for 69% homologous DNA/DNA hybrids was reduced by 14°C compared to their 100% identical counterparts (0.45°C/% nonhomology). For RNA/DNA hybrids, the decline in T m * was strikingly less, 2.3°C (0.07°C/% nonhomology).
RNA/DNA hybrids were considerably more stable than their corresponding DNA/DNA hybrids (Table 2B ). The mean differentials were +5.8°C and +17.5°C at 100% and 69% homology, respectively. The mean figure, 11.7°C, is comparable with the commonly adopted figure of 10°C.
Effects on the Extent of Hybridization
Hybridization temperature was set to 20°C below the calculated T m (perfect hybrids) to achieve near-maximum hybridization rate (1,2,4). Hybridization was performed overnight; after extensive washing at room temperature in the same buffers, the absolute quantities of filter-bound radioactivity were determined. Under all conditions tested, nonhomology had a major impact on the extent of hybridization (determined after subtraction of the hybridization background obtained from control filters treated in parallel). With reduced interstrand homology (69%), filter-bound radioactivity fell to 23% for DNA/DNA hybrids and to 38% for RNA/DNA hybrids. In parallel experiments with less homologous hybrids (57%), the extent of hybridization was further reduced to 10% for DNA/DNA and 15% for RNA/ DNA (data not presented). Reduced hybridization rate, in addition to reduced hybrid stability, contributes to the differential hybridization signals generated by perfect and imperfect hybrids.
Hybridization Background
In the presence of low salt (10 mM NaCl) and in the absence of SDS, significant but variable levels of radioactivity were retained by the filter despite extensive and stringent washing. The inclusion of SDS in the buffer (0.6% or 6%) or the use of higher salt concentrations (>100 mM) reduced this background substantially (not presented).
DISCUSSION
We have employed a snapshot approach, simulating hybridization experiments as most commonly performed, to estimate hybridization parameters. Our experiments address the temperature at which 50% dissociation takes place, defined here as T m *, rather than the traditional T m , defined as the temperature at which 50% association is observed under equilibrium conditions. T m * may be more appropriate for common hybridization techniques, including Southern/Northern blotting and DNA microarray hybridization.
Our analysis reconfirms the utility of earlier mathematical analyses of hybridization by Schildkraut and Lifson (10) and by Thomas and Dancis (12) , although the T m * determined was significantly lower (-17°C) than that calculated from these equations. This may be due to the method employed for T m * determination, involving serial washing for short periods at increasing stringency. First, the graphically obtained value of T m * is an estimate; true values may deviate by several degrees. Second, T m * reflects the dissociation rate rather than the T m as traditionally defined. Third, short wash times should overestimate hybrid stability because the extent of dissociation will be less than during more prolonged incubation (e.g., 1 h). However, we saw the reverse effect, with the calculated T m (10) substantially exceeding (15°C-17°C) the values (T m *) measured here. While we have no explanation for this result, the relatively high G+C content of the probes could point to a potential error in the calculation of T m values according to the 0.41(%G+C) term in the SchildkrautLifson (10) equation. Also, T m values are critically dependent on absolute strand concentration: our experiments use lower concentrations than physical T m determinations, predicting lower melting temperatures. Careful reevaluation of this point is warranted. T m calculations for short oligonucleotides that take sequence into account (9) offer somewhat different values from Schildkraut and Lifson (10) . We also note that polyvalent ions, particularly Mg 2+ , can make a disproportionate contribution to hybrid stability (15) , while under some ionic conditions (e.g., tetramethylammonium chloride) AT pairs can become as stable as GC pairs (16) . Previous hybridization experiments commonly used citrate (to 100 mM) as a chelating agent: EDTA (employed here at 1 mM) is now more prevalent, but at this concentration its ability to sequester specific polyvalent ions may be limited.
However, for comparative assessments (e.g., NaCl vs. SDS), changes in T m * values (dissociation) may be predictive of changes in T m (equilibrium). With the provisos given above, our results suggest that SDS, a common component of hybridization buffers, has no chaotropic (destabilizing) effect on nu - Under our conditions, the T m * for related but mismatched DNA/DNA hybrids was reduced by only 0.6°C/% nonhomology, less than the figure of 1.2°C adopted previously).
Nevertheless, mismatching significantly reduced the extent of hybridization: at 69% homology, the extent of hybridization was reduced by a factor of 5 compared with perfect hybrids and fell by a factor of 10 at 57% homology (not presented). This accords with earlier reports (3, 11) that T m reduction due to sequence divergence significantly reduces the rate of association. Thus, probe selectivity for perfect matches versus distantly related sequences (e.g., Southern blotting) is most probably due to a reduction in the rate/extent of hybridization (even after 16 h incubation) rather than to reduced hybrid stability per se.
A significant effect of SDS on hybridization background on nylon filters was observed. Low (0.6%) or high (6%) SDS concentrations equally reduced the background, as did NaCl (>100 mM). The mechanism is not known. We also noted that the sharpness of the temperature versus dissociation profile was influenced by salt concentration. At high salt, a temperature range of only 10°C could span fully hybridized to complete dissociation; at the lowest salt concentrations, temperature-dependent dissociation was gradual, spanning 25°C or more (data not presented).
We suggest that it is advantageous to perform hybridization in the presence of SDS, as proposed previously (6, 13) , calculating the T m using the equivalence figure above (1% SDS = 8 mM NaCl) and selecting the hybridization temperature to be approximately 20°C below the T m . The increased stability of RNA/ DNA hybrids should allow stringency conditions (temperature or equivalent salt) to be increased by 10°C without loss of signal, although caution is advocated if the T m * is, as we suggest, markedly (15°C-17°C) below the calculated T m (Reference 10 and this work).
